Abstract: We observe the spectral hole burning effect in a polarization maintain fiber (PMF) and a single-mode fiber (SMF) through the interaction between a continuous wave (CW) beam and a high power pulse with two frequency components located around the Stokes and anti-Stokes frequencies of the CW beam. The linewidth of the spectral burning hole is much narrower than that of the intrinsic Brillouin gain spectrum. We experimentally study the position dependent dip formation process in a PMF and an SMF, and explore the possibility of using this narrowed spectral width for distributed temperature and strain sensing with a higher accuracy. A hole burning peak with a linewidth of 9 MHz in a Brillouin gain spectrum with a full-width at half-maximum (FWHM) of 50 MHz is observed in a PMF. Since the frequency measurement accuracy of Brillouin sensor is inversely proportional to the FWHM of detected spectrum, the spectrum hole burning represents a potential for improving the Brillouin peak detection accuracy of distributed Brillouin sensor.
Introduction
Distributed optical fiber sensors based on Brillouin scattering have been studied for more than two decades. They have great potentials in industrial applications to smart materials and structures, because they can provide a distributed temperature and strain measurement over a long distance by measuring the frequency shift of Brillouin power spectrum [1] - [9] . It has been shown that the peak-power frequency-measurement accuracy is inversely proportional to the full width at halfmaximum (FWHM) of the detected spectrum [10] , [11] . Although a long probe pulse might lead to a narrow spectrum, the narrowest FWHM cannot be less than that of the intrinsic Brillouin gain spectrum determined by phonon damping rate.
Recently, the spectral hole burning introduced by gain saturation and the coupling between pump and probe signal perturbations has been observed in Brillouin fiber amplifiers [12] - [14] . It has been demonstrated to give a narrow dip at the resonance frequency in Brillouin gain region, and the depth and width of the dip depends on the pump power and fiber length. In this mechanism, a strong pump light and Stokes light counter propagated in the optical fiber, the saturation gain spectrum is recorded by measuring the gain of a weak probe signal with frequency scanning within the Brillouin gain region. Since the gain of the weak probe signal is limited by the coupling with the strong Stokes light at the Brillouin resonance peak frequency, a relatively higher gain can be observed at the off-resonance frequencies due to lower gain coefficient comparing with that at the original peak resonance. As a result, a dip is formed around center frequency of the Brillouin gain [12] . However, because of the weak probe signal, the current hole burning observation technique leads to a low SNR, and the spectra is observed for the entire fiber without location information obtained. It means that the evolution of this hole burning along the fiber cannot be achieved. In this paper, we proposed a new distributed Brillouin gain hole burning detection method based on time domain analysis through the interaction between the Stokes-directed absorption and the antiStokes-directed scattering. In this method, a dip is observed at the resonance frequency of the Brillouin gain by detecting the power change of the probe continuous wave (CW) beam counterpropagated with two pulses of frequency scanning around Stokes and anti-Stokes resonance of the CW beam, respectively. It is demonstrated through experiments that Brillouin spectral hole burning effect can be observed without invoking the gain saturation described in [12] , The dip in the spectrum can be sharpened if the pump and probe power is optimized, and a relatively high SNR can be achieved. In the experiment, when the pulsewidth is much greater than the phonon life time, a narrow dip with a linewidth about 10 MHz is observed in the Brillouin spectrum of PMF and SMF. As this dip frequency is coincident with the central peak Brillouin frequency, and is sensitive to temperature and strain, it provides a new alternative for high accuracy distributed temperature and strain measurement.
Observation of Brillouin Spectral Hole Burning
Stimulated Brillouin scattering (SBS) is a parametric process involving a pump beam, a Stokes beam, and an acoustic wave. SBS occurs when two coherent light waves with a frequency difference at the acoustic frequency counter-propagates in a fiber. In this process, the power is transferred from pump light at a higher frequency to Stokes light at a lower frequency through acoustic wave [16] . Consider a situation where an optical CW beam counter-propagates with an optical pulse containing two frequency components located at the Stokes and the anti-Stokes resonance frequency of the CW beam respectively, as shown in Fig. 1(a) , the CW beam might experience Brillouin gain and loss process simultaneously. Taking the CW beam as probe wave, it means the power might be transferred from anti-Stokes wave to probe wave and from probe wave to Stokes wave simultaneously. If the frequency of the pulse is scanned around Brillouin resonance frequencies, a coherent Brillouin gain and loss spectrum can be recorded by detecting the intensity change of the CW beam at different frequencies as shown in Fig. 1(b) . In the absence of the low-frequency pulse component, the high-frequency beam will experience strongly resonance absorption to the probe CW beam when these two beams satisfy the Brillouin phase matching condition. In this process the energy of the CW beam increases as the blue line in Fig. 1(b) . Similarly, a loss process can be expected for the CW beam when there is low-frequency pulse component only. Intuitively, when pulse with two frequency components are presented, the intensity of the CW beam should have little fluctuation over frequency due to the balance between gain and loss. At the same time, the depletion of the high-frequency component should be greater, because its energy could transfer to the CW beam and then to the low-frequency pulse component through SBS process. However, theoretically, the anti-Stokes-directed scattering path might be established in Brillouin scattering process [17] , [18] . In this case, the low-frequency mode could coherently couple to the high-frequency mode resulting a previously unforeseen transparency at the frequency ω 0 + as , corresponding to a narrow dip at ω 0 in the spectrum recorded by the intensity variation of the CW light.
To observe the gain hole burning spectra distributedly, an experimental setup as shown in Fig. 2 is used. A beam of CW at 1550 nm is split into two parts by a coupler. One is injected into the fiber under test (FUT) through an isolator (ISO) as the probe CW. The other is modulated by an electro-optic modulator (EOM) driven by a microwave synthesizer at angular frequency RF and gated to a pulse. Thus the pulse contains two frequency components with the same amplitude and polarization state. A modulator bias controller is used to generate a high pulse extinction ratio(ER). The pulse amplified by an Erbium doped fiber amplifier (EDFA) is launched into the other end of FUT through a circulator and its shape is obtained by a pulse monitor. The intensity of the probe light is detected by a photodetector (PD) and then recorded as time traces by a digital oscilloscope (OSC). Polarization controllers (PCs) are used to modulate the polarization states of light beams to obtain a high SBS efficiency. The tunable filter is used to select the frequency component of the pulse.
In the experiment, the pulsewidth, peak power and ER for the pulsed signal are 50 ns, 500 mW and 30 dB respectively. And the power of the counter propagated CW light is about 5 mW. Fig. 3(a) and (b) shows the distribution of the hole burning spectrum in a 100 m PMF and a 100 m SMF respectively. In both fibers, spectra with burning hole at the Brillouin resonance frequency are ) is spectra measured in the PMF by using a 500 mW pulse with different pulsewidth, (b) is spectra measured in the PMF by using a 50 ns pulse with different peak power.
achieved. The intensity fluctuation of the SMF spectra is caused by polarization mode dispersion (PMD). Black curve in Fig. 3 (c) and (d) shows the detected spectrum located at 80 m of the PMF and SMF respectively. It can be seen that the linewidth of the dip is about 9 MHz for PMF. Due to the inhomogeneous of the fiber, the linewidth of the dip in SMF is 3 MHz larger than that in PMF, and it slightly varies along the fiber. When the frequency of the RF is scanned from 10.8 GHz to 10.9 GHz, the intensity of the CW light firstly experiences a gain process and rapidly changes to a loss process at around the resonance peak frequency before coming to the gain process again. To compare with the conventional Brillouin spectrum, the two sidebands of the pulse are filtered out in turn using a tunable band pass filter before they interact with the CW light in the fiber. Then we obtain the Brillouin gain and the loss spectra separately at the same location as described by the blue and pink line in Fig. 3(c) and (d) . It is indicated that both the Brillouin gain spectrum and the loss spectrum follow Lorentzian shape. Because of the chromatic dispersion of the fiber, the center frequency of the loss spectrum is about 1 MHz less than that of the gain spectrum. Their FWHMs are about 50 MHz for PMF and 55 MHz for SMF, which are common but more than 5 times larger than that of the burning hole. The summation of the gain and the loss spectra is presented as the green curves in Fig. 3(c) and (d) . Obviously, the maximum intensity change of the detected spectra with hole burning is much larger than that obtained by the summation of the gain and loss spectra. The peak intensity of the spectra with hole burning is about 1/3 of conventional Brillouin gain peaks. It indicates that when the two frequency pulse components and the CW light beam satisfy phase matching condition with acoustic modes simultaneously, the anti-Stokes-directed scattering path might be established in this process. Similar to the Brillouin induced transparency reported in [17] , [18] , a narrow dip can then be observed in the Brillouin spectrum. To further study the requirement for the Brillouin gain hole burning effect, we kept the CW light power at 5 mW, and detected spectra under different pulsewidth and pulse peak power and fitted the data using transmission profile model of electromagnetically induced transparency (EIT) described in [19] . To avoid PMD of the fiber, we use a PMF as FUT in the experiment. Fig. 4(a) shows the spectra measured by using a 500 mW pulse with different pulsewidth. It can be seen that the shape of the detected spectrum various as the pulsewidth changes. From Table 1 , as the pulsewidth increases, the linewidth of the spectral hole decreases. We also detected the spectra in a short fiber with a length of 2 m. It is found that even a 50 ns pulse with a power of 500 mW is used, the SNR of the spectrum observed in the short fiber is lower than that in the long fiber, and the two gain regions are asymmetric which is similar to those detected by using short pulses. It means that the spectral hole burning is easier to happen at steady state, where the interaction time of the counter propagated lights is much larger than the phonon life time. Fig. 4(b) shows the spectra with different peak power when the pulsewidth is kept at 50 ns. It can be seen that the depth of the dip increases as pulse power rises. It is indicated that the hole burning effect observed is not simply originated from gain saturation described in [12] - [14] . Moreover, intensity fluctuation appears in the gain region of the spectrum when the pulse power is increased to about 600 mW. It may be attributed by modulation instability caused by high power. The measured linewidth of the dip under different pulsewidth and power is list in Tables 1 and 2 respectively. It is demonstrated that the dip in the spectrum can be sharpened with large pulse pulsewidth and peak power.
Since the pulse power might change the shape of the dip, we use a 1 km single mode fiber (SMF) in loose state as FUT to study the influence of the pump depletion to the hole burning effect. A 500 ns pulse with a peak power of about 300 mW and a CW beam with a power of 5 mW are launched into fiber. We measured the spectra distributedly with the setup shown in Fig. 3 . Fig. 5(a) shows the evolution of the hole burning along the fiber. The fluctuation of the intensity is caused by PMD of the SMF. Fig. 5(b) is the spectra obtain at different positions of the FUT. The gain of the spectra with hole burning is shown to decrease along the fiber while the loss at the center frequency of the dip increases. The linewidth of the spectrum at 900 m is 1 MHz larger than that at 100 m. It might be due to the depletion of the pulse component at ω 0 + RF through SBS process. Through a conventional BOTDA with the same pulse and CW power, the Brillouin gain spectra distribution in the fiber at the same positions as those in Fig. 5(b) was obtained and shown in Fig. 5(c) for comparison. The Brillouin gain spectrum obtained by conventional BOTDA method follows Lorentz shape at the near end of the fiber, while those obtained at far end of the fiber have a flat top. The distortion of the gain spectra then suggests that the pump and probe signal work at weak saturation region as described in [13] . We also detected the intensity variation of the transmitted pulses through the proposed setup and conventional BOTDA, respectively. As shown in Fig. 5(d) , in conventional BOTDA system, the depletion of the pulse reaches its maximum at the Stokes resonance of CW beam of around 10.86 GHz, and it roughly follows the Lorentz shape. By using Fig. 5. (a) is distribution of the hole burning spectra along a SMF fiber, (b) and (c) are hole burning spectrum and gain spectrum at different position of the fiber respectively and (d) is comparison of intensity change of the transmitted pulse in PMF and SMF. the setup in Fig. 3 , in presence of the pulse component at ω 0 − RF , the depletion of the pulse at the high frequency of ω 0 + RF decreases with a minimal depletion at the resonance frequency, which means the pulse energy no longer couples into the CW beam as it would be expected. The hole burning in Brillouin spectrum should therefore be a result of the coherent interaction between the Stokes-directed absorption and anti-Stokes-directed scattering, rather than a simple combination of Brillouin gain and loss spectrum or gain saturation.
Temperature and Strain Sensing Experiment and Discussion
Since the frequency of the burning hole in the spectrum is coincident with the resonance peak of Brillouin spectrum, it should be sensitive to temperature and strain. In experiments, PMF is used for measurement with a section of 10 m in an oven. The temperature of the oven is varied from 62°C to 70°C in a step of 2°C. The setup in Fig. 3 is used to measure the distributed temperature changes. Fig. 6(a) is the distribution of the frequency spectrum along the fiber. Fig. 6(b) shows the spectrum at the section under room temperature (25°C) and in the heated oven. The spectral shape shows little dependence on temperature and the resonance frequency shift is proportional to temperature. Compared to conventional BOTDA technique, as shown in Fig. 6(c) and Fig. 6(d) , the frequency shift is easier to be detected with high precision for its narrower linewidth. Fig. 7 exhibits the variation of the resonance frequency of the spectral hole and the Brillouin gain. Both of them increase linearly with rising temperature. The temperature and strain coefficient of the Brillouin frequency shift obtained by spectrum hole burning is 1.11 MHz/°C and 0.0498 MHz/με respectively. The coefficients obtained by conventional BOTDA technique are 1.04 MHz/°C and 0.0497 MHz/με, respectively, which are quite close to those of spectrum hole burning.
Normally the Brillouin frequency shift has a linear dependence on temperature and strain. The Brillouin frequency accuracy is co-determined by the FWHM of the Brillouin spectrum ν B and the electrical SNR.
According to Eq. (1), a smaller FWHM results in higher frequency accuracy. The frequency uncertainty of spectrum hole burning in the experiment is calculated to be ±0.47 MHz, corresponding to a temperature accuracy of ±0.4°C and a strain accuracy of ±9 με. The frequency uncertainty of the conventional BOTDA technique is calculated to be ±0.9 MHz corresponding to a temperature accuracy of ±0.9°C and a strain accuracy of ±18 με. The frequency measurement precision improves twice through spectral hole burning effect in comparison with that through pure Brillouin gain of conventional BOTDA. According to Eq. (1), the frequency-shift precision should be improved by 5 times if the SNR is maintained as constant. However, because of the lower gain on the CW light, the spectrum has a relatively lower SNR. According to the relationship described in [11] , the SNR of the hole burning spectrum is about 1/3 of the conventional Brillouin gain obtained by the same pulse power without gain saturation. Thus the improvement of the frequency-shift precision in the experiment is not as large as it would be expected. The measurement accuracy might be further improved through increasing light power or average number.
Conclusion
A method to induce hole burning in Brillouin gain spectrum is proposed through the interaction between Brillouin Stokes and anti-Stokes scattering, which enables time domain analysis to be adopted for distributed measurement. The influence of the pulsewidth and power to the Brillouin hole burning effect, as well as the evolution of the burning hole along the fiber is explored. In the experiment, a narrow dip with a linewidth about 10 MHz is observed around the resonance frequency of a Brillouin gain spectrum with a FWHM of about 50 MHz in the PMF. Temperature and strain measurement of the dip in the Brillouin spectrum has been demonstrated. The accuracy of peak frequency detection is calculated to be ±0.47 MHz, corresponding to ±0.4°C and ±9 με along a 100 m PMF in the experiment, which is twice of that obtained by conventional BOTDA. It provides a new alternative for high accuracy distributed temperature and strain measurement. In particular, the interpretation of this spectral hole burning in Brillouin spectrum should be very different from those proposed in Brillouin generator or amplified as [12] - [14] based on SBS gain saturation. Moreover, although the observed hole burning phenomenon in this paper is similar to those due to EIT effect suggested by [17] - [19] , one significant qualitative difference must be underlined. That is, EIT is a result of Fano interference realized in two-oscillator model with different damping. However, currently our experiment setup cannot verify that the damping of Stokes process and anti-Stokes process are different and therefore a new experiment should be carried out to further explore this issue.
